Reduction of [Re(X)(CO) 3 (R′-DAB)] (X )Otf
Introduction
The complexes [Re(L′)(CO) 3 (R-diimine)] +/0 (L′ ) halide, bridging ligand, organic donor, etc.) have received considerable attention 1-3 because of their ability to mediate energy and electron transfer reactions and to act as catalysts for CO 2 reduction. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Previous investigations revealed that organometallic electrocatalysts generally provide in their reduced state one vacant site for CO 2 coordination. The pentacoordinate radicals and anions, formed upon reduction of [Re(L′)(CO) 3 -(R-diimine)] +/0 complexes, have been recognized as suitable candidates for this purpose. 9,11,12 A systematic study of the electrochemistry of transition metal carbonyls with an R-diimine ligand, thereby varying the R-diimine ligands, coligands, and the metal center, can help with a formulation of criteria for the design of an active catalyst. 11, 12 Spectroelectrochemistry is a very suitable tool for such an investigation, since (i) it can help to elucidate reaction pathways and to formulate reaction schemes and (ii) the spectroscopic data on the redox products help considerably to clarify the bonding situation in these species. [10] [11] [12] Investigations of the electrocatalytic CO 2 reduction have mainly been restricted to the halide complexes [Re(X)(CO) 3 -(R-diimine)] (X ) Cl -, Br -; R-diimine ) 2,2′-bipyridine, 4,4′-dimethyl-2,2′-bipyridine). Since labilization of the axial halide ligand X upon reduction is of major importance for the complex to act as a catalyst precursor, 11 we have directed our efforts to the study of other suitable candidates for this type of redox reactivity. Replacement of the axial halide ligand X in the complexes [Re(X)(CO) 3 (R-diimine)] by an alkyl substituent R has a pronounced effect on their photochemical behavior. Whereas the halide species are virtually photostable, 18-23 the * To whom correspondence should be addressed. Megehee, E.; Thorp [Re(R)(CO) 3 (R-diimine)] complexes undergo a homolysis reaction upon irradiation into their metal-to-ligand charge transfer (MLCT) band, resulting in the formation of radicals R • and [Re-(CO) 3 (R-diimine)] • . 24, 25 The efficiency of this photoreaction strongly depends on the R-diimine ligand and the R group used. This striking difference in the photoreactivity has stimulated us to carry out (spectro)electrochemical experiments with the complexes [Re(R)(CO) 3 (iPr-DAB)] (R ) Me, Et, Bz), with the aim of proving whether the cleavage of the Re-R bond occurs also upon their electrochemical reduction. The formation of the five-coordinate radicals [Re(CO) 3 (bpy)] • is one of the crucial steps in the mechanism of the electrocatalytic CO 2 reduction with the complexes [Re(X)(CO) 3 (bpy)] (X ) Cl -, Br -). 9,11,12 An important role in the catalytic mechanism is also played by the six-coordinate radicals [Re(X)(CO) 3 (bpy)] •-and [Re(L′)(CO) 3 (bpy)] • (L′ ) RCN, PR 3 , P(OR) 3 ) as catalyst precursors. 11 Recent (spectro)electrochemical investigation of the reduction pathways of [Re(X)(CO) 3 (R-diimine)] and [Re-(L′)(CO) 3 (R-diimine)] + (X ) Cl -, Br -, I -, Otf -; L′ ) THF, nPrCN, PPh 3 , P(OMe) 3 ; R-diimine ) bpy, iPr-PyCa, dpp, abpy, N,N′-dapa 26 ) has shown 10 that the stability of the Re-L′ or Re-X bond in the six-coordinate radical anions/radicals increases with an increase of π-acceptor ability of the R-diimine ligand, which correlates with its lowest π* orbital energy. Another important factor is the electron density at the coordinating nitrogen atoms of the reduced R-diimine ligand that determines the amount of additional electron density transferred to the Re-X bond, as was demonstrated for a series of four isomeric bidiazine complexes [Re(X)(CO) 3 (bdz)] •-. 27,28 This electron density might be rather high in the case of [Re(X)-(CO) 3 (R-diimine)] •-, where R-diimine is a nonaromatic R′-DAB ligand, e.g. with R′ ) tBu. 28 As a result, the Re-X bond can split more easily in the latter radical anions than in [Re(X)-(CO) 3 (R-diimine)] •-with an aromatic R-diimine ligand of a π-acceptor ability comparable with that of R′-DAB, e.g. 2,2′-bipyrimidine (bpym). We have therefore been interested in the effect of a subtle variation of the R′-DAB properties on the reduction route of [Re(X)(CO) 3 (R′-DAB)], changing the R′ substituents from alkyls to aryls in order to increase the aromatic character of R′-DAB. In this paper, we describe the results of a (spectro)electrochemical study of the complexes [Re(Br)(CO) 3 -(R′-DAB)] (R′-DAB ) iPr, pTol, pAn).
The two-electron pathway of electrocatalytic CO 2 reduction using [Re(X)(CO) 3 The electrochemical and spectroelectrochemical (IR, UVvis) data reported in this article were obtained by application of cyclic voltammetry, bulk electrolysis, and electrolysis in optically transparent thin-layer electrolytic (OTTLE) cells at variable temperatures.
The structures of the complexes and the R′-DAB ligands used are schematically depicted in Figure 1 .
Experimental Section
Materials and Preparations. The solvents butyronitrile (nPrCN, Fluka), toluene (Aldrich), 1,2-dimethoxyethane (DME, Janssen Chimica), and tetrahydrofuran (THF, Janssen Chimica) were dried on CaH 2 (nPrCN) or Na wire (toluene, DME, THF) and distilled under nitrogen prior to use. (Spectro)electrochemical Measurements and Instrumentation. IR spectra were recorded on a Bio-Rad FTS-7 FTIR spectrometer (16 scans, resolution of 2 cm -1 , thermostated DTGS detector). Electronic absorption spectra were measured on a Perkin-Elmer Lambda 5 UVvis spectrophotometer, attached to a 3600 data station. A Varian E6 X-band spectrometer with 100 kHz modulation was used to measure ESR spectra. The presented values of the g factor were determined using R,R′-diphenyl--picrylhydrazyl (DPPH) as the external standard (g DPPH ) 2.0037, HDPPH ) 338.6 mT). IR and UV-vis spectroelectrochemical measurements at room temperature were performed in an OTTLE cell, 32 equipped with a Pt-minigrid working electrode (32 wires/ cm). For low-temperature IR and UV-vis spectroelectrochemistry, a purpose-made OTTLE cell 33 was used in combination with a homebuilt, liquid-nitrogen cryostat. 34 A PA4 potentiostat (EKOM) was used to carry out the controlled-potential electrolyses and the cyclic voltammetric measurements. Cyclic voltammetric data were also recorded with a PAR Model 283 potentiostat.
In a typical IR and UV-vis OTTLE measurement, the solution was 0.3 M in the supporting electrolyte and 5 × 10 -3 -1 × 10 -2 M in the Re complex. For cyclic voltammetry (CV) the concentrations were 0.1 and 10 -3 M, respectively.
Bulk electrolysis was carried out in a gastight cell that consisted of three electrode compartments separated at the bottom by frits. The compartment of the Pt-flag working electrode (surface of 120 mm 2 ) was filled with a solution that was 0.3 M in Bu 4NPF6 and 5 × 10 -3 M in the Re complex. The compartments of the Ag-wire pseudoreference and Pt-gauze auxiliary electrodes were filled with 0.3 M electrolyte solution. A cyclic voltammogram of the sample in the electrolysis cell was recorded before starting the electrolysis. The electrolysis was stopped after the cathodic current had dropped below 10 % of its initial value.
Cyclic voltammograms were recorded in nPrCN at 293 and 223 K in a light-protected CV cell with Pt-disk working electrodes of 0.61 and 0.38 mm 2 apparent (electrochemical) surface areas (obtained from the Cottrell equation using K 4[Fe(CN)6] in aqueous 2.0 M KCl), a Ptgauze auxiliary electrode, and an Ag-wire pseudoreference electrode.
The standard ferrocene/ferrocenium (Fc/Fc + ) redox couple 35 served as an internal reference for the determination of the reduction potentials, the electrochemical reversibility of the redox steps, and the number of electrons transferred.
Results

IR and UV-Vis Spectroelectrochemistry. The IR ν(CO)
wavenumbers and UV-vis absorption maxima of the complexes under study and their reduction products are collected in Tables  1 and 2 , respectively. Table 3 presents the reduction potentials of these compounds. In the following sections the spectroscopic changes upon reduction of the complexes [Re(X)(CO) 3 (iPr-
) pTol-DAB, pAn-DAB), and [Re(R)(CO) 3 (iPr-DAB)] (R ) Me, Et, Bz) will be discussed separately. The measurements were carried out in nPrCN, unless stated otherwise. Boldface numbers refer to the parent complexes and the products used in the schemes and tables.
In order to discuss the electronic effects in the reduced species, their average CtO force constants k av were calculated according to eq 1 36 (see Tables 1 and 2 ).
The lack of information with respect to the exact geometry of the five-coordinate anions [Re(CO) 3 (R′-DAB)] -(Vide infra) prevented the exact determination of all four CO force constants (k ax , k eq , k ax,eq , k eq,eq ) by the empirical method of Timney. 37 Also 
the Cotton-Kraihanzel energy-factored force field method 38-40 could not be used, since the frequencies of the 13 CO-enriched positional isotopomers are not known.
Lower k av values of the reduction products imply an increase of the RefCO π-back-bonding which in turn reflects an increase of electron density at the metal center. The force constants k av may serve, therefore, as good indicators of the changing basicity of the R-diimine ligands within the redox series studied.
[Re(X)(CO) 3 (iPr-DAB)] (X ) Otf -, Br -). The complex [Re(Otf)(CO) 3 (iPr-DAB)] (1) remained thermally stable in nPrCN at 293 K for more than 30 min. IR spectra collected during this time interval did not show any formation of the cation [Re(nPrCN)(CO) 3 (iPr-DAB)] + (6). In remarkable contrast to this behavior, rapid substitution of the weakly bound Otf ligand by nPrCN was monitored by real-time screen-display FT-IR upon reducing 1 within the IR OTTLE cell at a potential which only corresponded to the onset of the cathodic peak of 1. This observation points to a catalytic nature of the reaction. Identical electrode-mediated substitution reactions were reported, together with some details of the reaction mechanism, for the corresponding complexes [Re(Otf)(CO) 3 (R-diimine)] (R-diimine ) bpy, iPr-PyCa, abpy). 10 Complex 1 underwent this electrodecatalyzed reaction also in THF, as could be concluded from the apparent similarity between the ν(CO) frequencies of [Re-(THF)(CO) 3 (R-diimine)] + 10 and the product [Re(THF)(CO) 3 -(iPr-DAB)] + (7) (see Table 1 ).
One-electron reduction of cation 6 only led to the formation of [Re(nPrCN)(CO) 3 (iPr-DAB)] • (9) ( In order to establish whether the dimerization of [Re(CO) 3 -(iPr-DAB)] • was only prevented due to the strong coordinating ability of the nPrCN solvent, 10 the reduction of 1 was also carried out in THF. Also in this case the one-electron reduction produced exclusively the radical [Re(THF)(CO) 3 (iPr-DAB)] • (10) ( Table 1) .
Subsequent reduction of 9 resulted in product 14 with ν(CO) wavenumbers at 1943 (s) and 1828 (vs, br) cm -1 and an intense absorption band at 440 nm. These data closely correspond to those reported by Stor et al. 10 for [Re(CO) 3 (bpy)] -and [Re-(CO) 3 (iPr-PyCa)] -. The product 14 is, therefore, assigned to [Re(CO) 3 (iPr-DAB)] -. Apart from this five-coordinate anion, a very small amount of six-coordinate [Re(nPrCN)(CO) 3 (iPr-DAB)] -(13) was also formed. The assignment of 13 was based on the similarity of its ν(CO) wavenumbers (Table 1) Oneelectron reduction of 10 also led to the formation of 14. The IR spectral changes accompanying the reduction of 6 are depicted in Figure 2 (Supporting Information).
IR ν(CO) and UV-Vis Data for [Re(Br)(CO)3(R-diimine)] (R-diimine ) pTol-DAB, pAn-DAB) and Their Reduction Products in
The electrode-catalyzed/electron transfer chain (ETC) substitution 10 of the Otf ligand in 1 also took place in the presence of a 40-fold excess of PPh 3 and afforded the cation [Re(PPh 3 )-(CO) 3 (iPr-DAB)] + (8). This complex could be reduced with one electron to give the stable radical [Re(PPh 3 )(CO) 3 (iPr-DAB)] • (11) and, in a second step, the five-coordinate anion 14. Both steps were fully chemically reversible since cation 8 could be completely recovered by successive reoxidation of 14 and 11.
One-electron reduction of [Re(Br)(CO) 3 (iPr-DAB)] (2) in nPrCN at 293 K led initially to the product 12. This species could, however, only be seen in low concentration, since it partly underwent a thermal reaction to give the solvento radical 9. The IR ν(CO) wavenumbers of 12 (Table 1) (Table 1) after the exhaustive reduction of the parent [Re(Br)(CO) 3 (iPr-DAB)] (2) had taken place. The extinction coefficients of the ν(CO) bands of both radicals were assumed to be similar. The ratio 12/9 was 0.22. Performing the IR OTTLE experiment at 198 K was not sufficient to stabilize the radical anion 12, although the ratio 12/9 increased to 0.73. An even better result was obtained at 198 K with 3 × 10 -1 M Br -ions in the solution. The equilibrium between 12 and 9 was then shifted considerably toward 12 (ratio 12/9 ) 1.63).
The existence of the equilibrium between the radicals 12 and 9 was directly proved by the subsequent reduction of 9 to give the anion [Re(CO) 3 (iPr-DAB)] -(14). This reduction was immediately accompanied by the parallel disappearance of 12, despite the fact that the latter radical is reduced 350 mV more negatively with respect to the reduction potential of 9 (see Table  3 ).
In the presence of an 80-fold excess of PPh 3 at 293 K, 2 was reduced to give directly radical 11. No trace of 12 was detected in the solution, which confirms that the Br -ligand in [Re(Br)-(CO) 3 (R-diimine)] •-is in general 10 more easily substituted by PPh 3 than by nPrCN. Not only did reoxidation of 11 formed from 2 produce the cationic complex 8, but also 85% of 2 was recovered by a thermal reaction of 8 with Br -still present in the thin solution layer.
The reduction routes of the complexes 1 and 2 are summarized in Scheme 1. In order to stabilize the radical anions 20 and 21, Bu 4 NBr was used as electrolyte instead of Bu 4 NPF 6 and the temperature was lowered to 198 K. The solvento radicals 22 and 23 were not observed in this case. The radical anions 20 and 21 were further reduced to give the five-coordinate anions [Re(CO) 3 -(R′-DAB)] -(26 and 27, respectively). In addition, small amounts of the six-coordinate anions [Re(nPrCN)(CO) 3 (R′-DAB)] -(24 and 25, respectively) were observed.
The successive reduction steps of [Re(Br)(CO) 3 (R′-DAB)] at 198 K were also monitored in the UV-vis region. Complexes 18 and 19 possess very strong intraligand (IL) π f π 1 * transitions in the near-UV region, together with MLCT transitions which manifest themselves as shoulders at the low-energy sides of the IL bands 21 (Table 2, Figure 3 (Supporting Information)). In the UV-vis spectra of radicals 20 and 21 the strong IL π f π 1 * band shifted to 396 and 394 nm, respectively. At the same time, less intense broad bands were present at 618 nm for 20 and 628 nm for 21. Subsequent reduction of 20 and 21 resulted in the appearance of single bands in the visible region at 463 and 462 nm, assigned to anions 26 and 27, respectively. The UV-vis spectra of 18, 20, and 26 are presented in Figure  3 .
In order to assign the lowest absorption band in the UV-vis spectra of the radical anions 20 (see Figure 3) and 21, we recorded the UV-vis spectra of the singly reduced free ligands [R′-DAB] •-. One-electron reduction of R′-DAB (Table 3) •-probably has its origin in a π 1 * f π 2 * (IL) electronic transition, i.e. in electron transfer from the π 1 * SOMO to a higher-lying empty π 2 * orbital which might mainly reside on the R′ substituents. These bands are very similar in position, intensity, and shape to the lowestenergy absorption bands of the radical complexes 20 and 21 (Table 2, Figure 3) , which are therefore also assigned to the π 1 * f π 2 * IL transition, largely localized on the aromatic [R′-DAB] •-ligand.
The electrochemical reduction of complexes 18 and 19 is summarized in Scheme 2.
[Re(R)(CO) 3 (iPr-DAB)] (R ) Me, Et, Bz). Changing the axial donor ligand from Br to R (R ) Me, Et, Bz) significantly influenced the redox behavior of the complexes. Reduction of Figure 4) . A comparable product (16) was formed upon reduction of the Et derivative (4) ( Table 1) . These ν(CO) wavenumbers are clearly too small to belong to radical-type products like 9-12, but they are very similar to those of the five-coordinate anion 14 (Table 1) . However, there is an apparent difference in the position of the highest-frequency ν(CO) band, which documents that the products 15 and 16 differ from 14. This was also revealed by the UV-vis spectra of 15 and 16, which exhibit the lowest-energy absorption bands at 400 and 410 nm, respectively. Both bands are thus shifted to higher energy with respect to the visible absorption band of anion 14; besides, their max values are significantly smaller (Table 1) . Upon reduction of 4 at 293 K, a minor product with ν(CO) bands at 1984 and ca. 1860 cm -1 was also observed. This is probably a product of a slow secondary reaction of 16, since its concentration slowly increased with decreasing concentration of 16 and reduction of 4 at 193 K only resulted in the formation of 16.
Reoxidation of 15 and 16 at 293 K led to the nearly quantitative recovery of the parent complexes 3 and 4, respectively. A minor yet unidentified species with ν(CO) frequencies at 1971 and ca. 1840 (br) cm -1 was observed upon reoxidation of 15. Reoxidation of 16 at 193 K resulted in the complete regeneration of the starting material.
The reduction of 3 was also carried out in the presence of a 60-fold excess of PPh 3 . Importantly, no product other than 15 was observed, in sharp contrast to the reduction of 2 under identical conditions that only gives the PPh 3 -substituted radical 11.
In order to characterize the product 16, bulk electrolysis of 5 × 10 -3 M 4 in THF was carried out. After 1 h electrolysis that resulted in 90% conversion of the parent complex, no carbonyl complexes other than 4 and 16 were detected in the solution by IR spectroscopy. Allowing oxygen to diffuse slowly into the solution resulted in the smooth reoxidation of 16 into 4. Figure 5 presents the ESR spectrum of reduced 16 recorded at 293 K. The ESR spectrum was found at g ) 2.0051 as a sextet due to the hyperfine splitting of the two relevant rhenium isotopes 185 Re (I ) 5 / 2 , 37.4% natural abundance) and 187 Re (I 28 Unfortunately, the broad lines of the sextet obscured iPr-DAB and Et hyperfine splitting.
The electrochemical reduction of [Re(Bz)(CO) 3 (iPr-DAB)] (5) showed a more complicated pattern, since it resulted in a mixture of at least five products. Two of them could be identified as the radical 9 and the five-coordinate anion 14 (see Table 1 ). Besides these species, several unidentified products with ν(CO) bands at 1993 and ∼1880 cm -1 (A), 1979 and ∼1864 cm -1 (B), and 1970 and ∼1838 cm -1 (C) were present in the reduced solution. On the contrary, reduction of 5 at 198 K gave, similar to the reduction of 4 at the same temperature, only the single product 17 with ν(CO) bands at 1962(s) and 1835 (vs, br) cm -1 . These wavenumbers closely resemble those of 15 and 16 (Table 1) . Hence, 17 is proposed to have a comparable structure. Regardless of the low temperature, this product possessed a limited stability and partly decomposed within 15 min to the five-coordinate anion 14.
Cyclic Voltammetry (CV). The cyclic voltammograms of all complexes [Re(X)(CO) 3 (R′-DAB)] (X ) Otf -, Br -) and [Re-(R)(CO) 3 (iPr-DAB)] (R ) Me, Et, Bz) under study were recorded in nPrCN at room temperature and at 223 K. The corresponding reduction potentials are collected in Table 3 . The electrochemical reversibility of the reduction steps was determined (i) by comparison of ∆E p of the sample with that of the standard Fc/Fc + couple under identical experimental conditions and (ii) from the E p c Vs log V dependence in the range of 20 mV/s e V e 2 V/s. In the latter case, E p c remained constant for electrochemically and chemically reversible cathodic processes or shifted by 30 mV per 10-fold increase in V for electrochemically reversible but chemically irreversible steps (an E rev C mechanism; Vide infra).
Ferrocene also served as an internal standard for the determination of the number of electrons (n) transferred in the ) 1) one-electron reduction of 6 to 9 was found at -1.18 V Vs Fc/Fc + . Figure 6 reveals that the subsequent reduction of 9 at E p c ) -2.06 V to give the fivecoordinate anion 14, the major product observed with IR spectroelectrochemistry (Vide supra), is electrochemically quasireversible, obviously as a result of the dissociation of nPrCN.
IR OTTLE experiments witnessed the existence of an equilibrium between the radical anions [Re(Br)(CO) 3 (R′-DAB)] •-and the solvent-substituted radicals [Re(nPrCN)(CO) 3 -(R′-DAB)] • formed upon reduction of [Re(Br)(CO) 3 (R′-DAB)], whose position significantly depended on the R′-DAB ligand used. This was also reflected in the cyclic voltammetric response of [Re(Br)(CO) 3 (R′-DAB)]. For R′ ) pTol (18) and pAn (19), the one-electron reductions of the parent complexes at 293 K were both electrochemically and chemically reversible. No apparent anodic peaks due to reoxidation of the solvento radicals 22 and 23 (see Table 3 ) were observed after switching the scan direction beyond the cathodic peaks of 18 and 19. The radical anions 20 and 21 are thus stable on the CV time scale (V g 50 mV/s).
For R′ ) iPr (2), the first reduction to 12 at 293 K was electrochemically reversible but chemically irreversible (I p a /I p c ) 0.76 at V ) 100 mV/s, D 2 ) 1.35 × 10 -5 cm 2 s -1 ) (see Figure 7a ). Scan reversal after passing the cathodic peak of 2 revealed the presence of a new redox couple at E 1/2 ) -1.18 V Vs Fc/Fc + . The anodic process can be assigned to the reoxidation of the solvento radical [Re(nPrCN)(CO) 3 (iPr-DAB)] • (9) to 6, in agreement with the cyclic voltammogram of 6 (see Figure 6 ). Lowering the temperature to 223 K resulted in the increase of the peak-current ratio I p a /I p c of the couple 12/2 to 0.92 (see Figure 7b) .
The cyclic voltammograms of all [Re(Br)(CO) 3 (R′-DAB)] complexes showed a second, more negative, cathodic process which was both electrochemically and chemically irreversible (I p a /I p c < 1 at V ) 100 mV/s). It corresponds to the reduction of 12, 20, or 21 (Table 3) to the dianions [Re(Br)(CO) 3 (R′-DAB)] 2-. The observed irreversibility apparently has its origin in rapid dissociation of Br -from the dianionic species to give 14, 26, and 27, respectively.
In the cyclic voltammogram of 2 at 293 K, a third cathodic peak (marked with 1 in Figure 7a ) was observed at a more positive potential as compared with the voltammogram for the reduction of 12 (Table 3) . This peak belongs to the reduction of radical 9 present in the solution due to partial dissociation of Br -from 12. In accordance with the IR OTTLE results, the peak current ratio E p c (9)/E p c (12) decreased upon lowering the temperature to 223 K (Figure 7b) .
The cyclic voltammograms of the alkyl complexes [Re(Me)-(CO) 3 (iPr-DAB)] (3) and [Re(Et)(CO) 3 (iPr-DAB)] (4) showed one-electron reduction steps at -1.74 and -1.73 V, respectively, which were both chemically and electrochemically reversible (see Figure 8a in the Supporting Information). The calculated diffusion coefficient of (4) (using n ) 1) is D 4 ) 1.22 × 10 -5 cm 2 s -1 , i.e. comparable with D 2 (Vide supra). The chemical reversibility of the reduction fully corresponds with the stability of the products 15 and 16 respectively, as was proved on the time scale of minutes by the spectroelectrochemical measurements. Moreover, it was also reflected in the cyclic voltammogram of the radical anion 16 produced Via bulk electrolysis of 4, which was identical with the cyclic voltammogram of 4 recorded prior to the electrolysis.
The cyclic voltammogram of [Re(Bz)(CO) 3 (iPr-DAB)] (5) was more complex (see Figure 8b in 
